Genetic diversity in 92 sugarcane varieties of sub-tropical India was assessed using 30 morphological descriptors and 643 simple sequence repeat (SSR) marker loci. Out of the 30 morphological descriptors, 14 were found polymorphic, and significant variability was recorded for plant height, cane diameter and number of millable canes. Grouping traits like plant growth habit, leaf blade curvature and leaf sheath adherence were found to be predominantly monomorphic. There were a few pairs of varieties (e.g., CoP 9702 and CoP 9302, CoP 9301 and CoSe 01424, UP 05 and Co 1336, CoS 96258 and CoH 110) that showed similar DUS profiles except differing for a few descriptors. The STRU CTU RE profile suggest that all the 92 sugarcane varieties had admixtures and no sub-group had a pure unblemished structure profile. An average Nei's genetic distance of 0.49 was found to be a better measure of diversity, whereas, the average band informativeness (Ib av ) value of all the 80 SSR primers was 0.434. Although, the mean Ib av values for EST-SSR and genomic-SSR primers were same (0.43), the range of Ib av of EST-SSR (0.04-0.85) was more compared to genomic-SSR (0.12-0.63) primers. The segregation of the varieties based on morphological traits was not in accordance with their geographical distribution or maturity groups, but principal component analysis was able to group the sugarcane varieties that had similar pedigree together. Results indicate that the SSRs have a potential use in the DNA fingerprinting of varieties to prevent any malpractice like unauthorised reregistration of a previously registered sugarcane variety under PPV&FR Act. The marker profiles could also be utilised for variety identification and release, since at present, it has been made mandatory to include it in addition to the morphological descriptors.
Introduction
Sugarcane (Saccharum species hybrid) is one of the most productive cultivated plant system in the tropical and subtropical regions of more than 100 countries across the globe (daCosta et al. 2011) . Apart from providing raw material for economically important white sugar, it is cultivated as a multiproduct crop providing green top as fodder, jaggery, bagasse, press mud, and paper pulp, etc. (Allen et al. 1997; Pinto et al. 2010) . Recently, it has gained attention due to its potential of producing green fuel (ethanol) , and in fact, in Brazil and USA, a major part of the sugarcane produced is now being utilized for such purpose (Dias et al. 2012) . During the year 2015-2016, India with a total sugarcane production of 352.1 MT from cultivated area of 5 Mha ranked second only to Brazil (Anonymous 2016) . Sugarcane genetic resources are classified in to traditional cultivars (Saccharum officinarum, S. barberi, S. sinense and S. edule) , wild relatives (S. spontaneum and S. robustum), and modern cultivars [interspecific hybrids between S. officinarum (2n = 80; x = 10) and S. spontaneum (2n = 40-128; x = 8)]. Modern cultivated varieties of sugarcane possess a complex highly polyploid genome and exhibit a high level of heterozygosity with varied number (100-130) of chromosomes (D'Hont et al. 1998; Casu et al. 2005) . These complexities make varietal development a long process of 12-15 years (Hogarth 1987; Casu et al. 2005) . The plant breeders are in relentless search for novel genetic combinations of superior traits, like quality, yield, and tolerance to various biotic and abiotic stresses. Therefore, it is imperative to assess the extent of genetic variability available in the population and their response towards selection. So far, the morphological features of sugarcane varieties has been the basis of their characterization. However, the continuous use of promising and high yielding interspecific hybrids in crossing, followed by selection based on few desirable traits (cane and sugar yield), and strictly vegetative means of commercial propagation has narrowed the genetic base of modern sugarcane cultivars (Walker 1987) . Moreover, varietal identification in sugarcane, solely based on morphological descriptors has become a cumbersome process, as there are many varieties with overlapping traits in the absence of discrete classes for some characters. Further, being an open-pollinated crop, progenies resulting from a cross might be a mixture of self and hybrids, and therefore, selection of superior hybrids among such progenies based on visual observations may not be reliable (Heinz and Tew 1987; Tai 1989) . Previous studies do emphasize about use of molecular markers in sugarcane breeding programmes so as to make varietal identification and selection process more effective and unambiguous (Pan 2006; Maccheroni et al. 2009; Oliveira et al. 2009 ).
In the present scenario of plant variety protection, newly bred variety has to undergo registration process so that it can be commercially used by other stakeholders, and for which DUS (Distinctiveness, Uniformity, and Stability) test is a pre-requisite. The present system of varietal registration in India allows only morphological descriptors to accomplish DUS test which poses a limitation as the number of existing varieties is quite large making the traditional method of DUS testing time-consuming and resource expensive (Pourabed et al. 2015) . In addition, the subjective nature of field tests often creates a chance of human error and discretion (Cooke 1995) . In view of several studies advocating the use of molecular markers for DUS test and diversity studies, UPOV constituted a working group on biochemical and molecular techniques (UPOV-BMT 2002) . Molecular markers would be beneficial for DUS test in terms of markers directly linked to the descriptors, developing molecular profile of a reference variety, and as an alternative to morphological DUS descriptors (Noli et al. 2008) . Microsatellites or simple sequence repeats (SSRs) have widely been recognized as powerful and informative genetic markers in both animal and plant systems (Jarne and Lagoda 1996) , including sugarcane (Xu et al. 1999; Aitken et al. 2005; Cai et al. 2005; Andru et al. 2011; Singh et al. 2011; Nayak et al. 2014; Zawedde et al. 2014 ). Molecular techniques like RFLP and RAPD have also been reported as methods to identify sugarcane varieties but with major limitation to process more number of samples in the case of RFLPs, whereas, reproducibility has been a key constraint with RAPD markers (Breyne et al. 1997) . Sugarcane varieties have previously been characterized on the basis of distinctness, uniformity and stability (DUS) descriptors as per the guidelines of Protection of Plant Varieties and Farmer's Right Act (Anonymous 2009 ). Genetic diversity has been analysed in sugarcane varieties using RAPD (Silva et al. 2008; Nawaz et al. 2010; Ramakrishnan et al. 2015) , RFLP (Creste et al. 2010) , AFLP (Aitken et al. 2006; Besse et al. 1998) , SRAP (Alwala et al. 2008; Chang et al. 2012) , SCoT (Que et al. 2014) , CISP , and EST-SSR (Silva et al. 2012; Singh et al. 2013.; Khan et al. 2018) . In this study, an attempt was made to assess the efficiency of SSR markers in genetic diversity analysis, population stratification in 92 sugarcane varieties and exploit them as an additional tool for determining the distinctiveness of sugarcane varieties.
Materials and methods

Phenotyping
A panel of 92 sugarcane varieties was maintained at ICARIndian Institute of Sugarcane Research, Lucknow (Supplementary Table S1 ), and all the varieties were phenotyped for 30 (27 DUS and 3 additional traits) descriptors for three consecutive years (2011-2012, 2012-2013, 2013-2014) in a randomized block design (RBD) with three replications. Out of all the traits evaluated, 22 were qualitative and 8 were quantitative (Table 1) . Three-bud sett planting was done in a six-meter row spaced at 90 cm, and observations were recorded at full maturity stage (~ 300 days after sett planting) on 30 randomly selected stools per replication as per the guidelines prescribed for DUS test of sugarcane (Anonymous 2009). The interpretation of 27 morphological characters and their different states of expression was performed visually to assess distinctiveness. The phenotypic data of 92 varieties was converted to the respective DUS test scores according to PPV&FRA guidelines (Anonymous 2009 ) and used for further analysis. The same DUS test scores of the 92 varieties for all the 27 DUS descriptors were used for calculating squared Euclidian distance matrix using SPSS ver. (NJ) dendrogram was constructed from distance matrix using the web server T-REX (Boc and Makarenkov 2012) .
Genotyping using SSR markers
Genomic DNA was isolated from the young leaves of each variety using Cetyl trimethyl ammonium bromide (CTAB) method as described by Doyle and Doyle (1990) . The quality and quantity of genomic DNA was checked, and DNA was diluted to a concentration of 25 ng/µl. Genotyping was done using 80 SSR primers (Supplementary Table S2 ) that included 16 genomic-SSRs (Govindaraj et al. 2005; Parida et al. 2009 ), and 64 EST-SSRs (Pinto et al. 2004; Oliveira et al. 2009; Singh et al. 2013 ). The DNA amplification was carried out in 15 µl reaction volume consisting of 1 × PCR assay buffer, 200 mM of each dNTPs (Fermentas, USA), 12 ng (1.8 pmol) each of forward and reverse primers (Operon Biotechnologies, GmbH, Germany), 0.5 unit of Taq DNA polymerase (Fermentas, USA) and 25 ng genomic DNA using a thermal cycler (MyCycler, Biorad, USA). The cycling profile was kept as follows: initial denaturation at 94 °C for 5 min, followed by 33 cycles of 94 °C for 1 min, 55-62 °C (adjusted as per T m value of the primer) for 1 min, 72 °C for 2 min, and finally, a primer extension cycle of 7 min at 72 °C. The amplification products were resolved on 12% polyacrylamide gel with 1 × Tris-borate EDTA buffer, stained with 0.5 µg/ml ethidium bromide (Sigma-Aldrich, USA) and visualized using a gel documentation system (G:Box, Syngene, UK). The clear and unambiguous amplified products were scored as dominant markers with 1 (present) or 0 (absent) since it is difficult to identify and differentiate between amplicons from homeologous chromosomes.
Estimation of population structure and grouping pattern
Genetic structure of the 92 sugarcane varieties were determined by following Bayesian clustering analysis using the programme STRU CTU RE ver. 2.3.4 (Pritchard et al. 2000) . The number of groups (K) within the population was estimated using posterior probability ad hoc statistics according to Evanno et al. (2005) . In addition, the grouping pattern of the 92 sugarcane varieties was estimated by principal component analysis (PCA) in software XLSTAT (XLSTAT 2017) on the basis of correlation coefficient between two genotypes using EIGEN procedure. The missing data was estimated using the nearest neighbour method in XLSTAT.
Assessment of genetic diversity
For estimating the genetic relationship among the sugarcane varieties, all polymorphic and monomorphic bands were scored either as present (1) or absent (0) for each SSR loci and the data were converted in to a binary matrix which was then used for the estimation of similarity matrix. Nei's genetic distance matrix (Nei 1972) was calculated from the genotypic data for all the varieties using software TASSEL (Bradbury et al. 2007) , and neighbour-joining (NJ) dendrogram was constructed from distance matrix using the web server T-REX (Boc and Makarenkov 2012) . A correlation between the genotypic and phenotypic dendrograms was assessed using Mantel's test in the software PASSaGE ver. 2.0 (Rosenberg and Anderson 2011) . The amplification data was used to calculate the average band informativeness (Ib av ; Milbourne et al. 1997) to estimate the polymorphism detection power of each EST-and g-SSR primer using the following formula:
where p i denotes the proportion of genotypes containing the ith band and n is the total number of bands amplified by the primer.
Results
Agro-morphological diversity and clustering pattern of varieties
Consistent scores for 22 qualitative traits were observed for all the 92 sugarcane varieties over the 3 years of study, indicating stability of traits over the years. A less degree of variation was recorded for traits like plant growth habit, leaf blade curvature, and leaf sheath adherence, whereas, rest of the qualitative traits showed a high degree of variation. The mean phenotypic data of seven quantitative traits, viz., number of millable canes (NMC) per stool, leaf blade width, internode diameter, plant height, fibre content, sucrose content and purity per cent revealed a high degree of polymorphism over the replications and years ( 
study, such descriptor data were also used to understand phylogenetic relationship among varieties. The average Euclidian distance was 239 between the varieties, and the corresponding tree plotted for 27 phenotypic DUS traits grouped the 92 varieties in to nine (I to IX) major clusters ( Fig. 1) , where each of the major cluster could be further divided in to 2-3 sub-clusters. The mean values for the seven quantitative traits of the group of varieties of these nine major clusters is presented in -2012, 2012-2013 and 2013-2014) a Name in parenthesis refers to the variety recorded such minimum/maximum value. S. 
Molecular marker analysis
A total 643 dominant loci across the 92 sugarcane varieties were generated by 80 polymorphic SSR primer pairs with an average of 8.41 loci per primer that ranged from 2 (primers IISR_75, IISR_259) to 17 (primer IISR_48). The average Ib av value of all the 80 SSR primers was 0.44. On an average, the genomic-SSR primers produced more (9.25) amplicons compared to that of EST-SSRs (8.2). But the Ib av values for both type of primers was similar (0.43). For EST-SSR primers, that produced amplification products in size range of 300-1200 bp, the highest (0.85) Ib av value was recorded for primer IISR_17b, whereas, it was the lowest (0.04) for primer IISR_91. Similarly, in the case of genomic-SSRs, the highest (0.63), and the lowest (0.12) Ib av value was recorded for primers SEGMS113a and SEGMS14, respectively (Table 4 ). The amplification profiles of 92 varieties with EST-SSR primer IISR_298b and genomic-SSR primer SEGMS1016 is presented as Supplementary Figs . S1 and S2.
Population structure
Based on the second order rate of change of likelihood distribution mean (L″(K)), the optimum value of K = 7 was obtained, where the 92 varieties could be classified in to 7 sub-clusters (Fig. 2) . However, it was observed that all the 92 sugarcane varieties had admixtures and no sub-group had a pure unblemished structure profile. In addition, PCA was also carried out for identification of innate sub-groupings within the varieties. The first two principal components (PC1, PC2) accounted for ~ 10% of the total variation (Fig. 3) Mean values for the quantitative traits per cluster; the 92 varieties were grouped in to 9 major clusters as per squared Euclidean distance based on 27 morphological descriptor data pooled over the 3 years (2011-2012, 2012-2013, 2013-2014) 
Cluster analysis based on SSR markers
The ninety-two sugarcane varieties on the basis of dendrogram generated using 643 SSR loci could be classified in to four (I, II, III, IV) major clusters (Fig. 4) . The Nei's genetic distance based on the genotypic data with an average distance coefficient of 0.49 was able to satisfactorily differentiate all the varieties. The cluster I had the maximum (67) (Fig. 1) , but all these varieties clustered to different sub-groups of cluster I when SSR marker data was considered (Fig. 4) . Such results are not surprising due to the fact that sugarcane genome is a highly heterozygous and complex conglomerate of randomly segregating long stretches of genetic elements (D'Hont et al. 1998 ).
Discussion
Assessment of genetic diversity is an indispensable component of breeding programmes for an effective and efficient management/utilization of plant genetic resources. For many years, morphological traits have been used for assessment of relationships and estimating genetic diversity (Ming et al. 2010) . For genetic improvement of complex crops like sugarcane SSR markers could be useful for structuring genetic diversity of germplasm collection according to geographical origin (Singh et al. 2010 ) formation of core collection (Nayak et al. 2014) and for construction of genetic map (Liu et al. 2010; Marconi et al. 2011) . A non-significant correlation (r = 0.0477) was observed between the similarity based on SSR and average taxonomic distance based on morphological scoring. This is in agreement with the reports that morphological trait-based dissimilarity and similarity based on molecular markers usually show non-significant correlation (Riday et al. 2003; Dey et al. 2006 ). This could be due to the fact that conversion of data into scores tends to reduce the contrast within the genotypes resulting to a lesser congruence to the genotypic data which is more exhaustive in nature. The reason of such mismatch may also be due to the fact that most of the morphological traits are controlled by a number of genes and are highly influenced by the environment, while detection of molecular markers is not confounded by the environmental effects. As a result, DNA markers may accurately assay the degree of genetic change distinguishing two genomes, but they may not necessarily reflect the divergence in terms of changes in traits of agronomic importance. Genetic diversity among the main progenitors and their resultant sugarcane varieties was assessed using SSR markers by dosSantos et al. (2012) . It was reported that varieties grouped in to different clusters, but no correlation was obtained with regard to their parentage. The low level of diversity within the panel of 92 sub-tropical sugarcane varieties could be a result of exploiting limited number of parental lines in their breeding history.
In addition to genetic diversity, population stratification is also an important aspect for marker discovery and breeding programmes. In the present study, it was observed that the Bayesian method of population stratification using STRU CTU RE was able to divide the 92 sugarcane varieties in to 7 sub-groups. However, it was observed that each of the 92 varieties had admixtures in their genetic constitution. The STRU CTU RE-based grouping and PCA was not able to separate genotypes according to their geographical location. However, PCA where although the first two components were explaining only 10% of the total genetic variation, was able to group the varieties that had similar pedigree together in most if not all of the cases. This suggest that in sub-tropical sugarcane varieties from India, the pedigree of the genotype contributes to the sub-clustering pattern. And, due to that the predominantly utilized parental lines Co 1148, Co 1158, Bo 91 and Co 775 grouped together with their respective progenies. Although, the grouping of the varieties was not in concordance with their geographical distribution or maturity groups, but knowledge and information of genetic structure and molecular diversity generated in this study could be useful for selection of parents and their combination for a targeted breeding programme of sugarcane.
The molecular profiling of a plant variety can prove to be a valuable tool for protecting a plant breeders' and Farmers' rights (Cooke 1995) . In recent past, SSR markers by virtue of the ability produce highly reproducible profiles have been increasingly employed for a reliable identification of plant varieties in several crop plants (McCouch et al. 1997) . Further, with the help of DNA fingerprinting data, it could be possible to identify a mislabelled variety during field experiments (Pan et al. 2003) . Another significant use of SSR-based fingerprints involves marker-assisted selection (MAS) of real cross progeny at seedling stage and assessment of the degree of self-pollination during crossing. Thus, it is evident that information based on SSR markers can be efficiently used by the sugarcane breeders to identify true offspring in F 1 population, and hence can improve the sugarcane crossing programs. Such SSR fingerprints can also be used to ascertain the identity of the male parent in the resulting progeny particularly from poly-crosses (Tew and Pan 2010) , which would certainly help the breeders in accelerating the number of desirable crosses in the breeding programs with less number of tassels available from desirable parents with keeping most of the pedigree information intact (Pan 2010) . Such findings strongly advocate the need of inclusion of highly polymorphic and reproducible SSR markers for supplementing the identification of varieties which is primarily based on their phenotypic attributes with their unambiguous molecular identity information. This would not only aid conventional DUS testing, but also put an end to the ambiguities associated with phenotypic characterization, and therefore, also rule out any possibility of re-registration of already registered variety under PPV&FR act.
Conclusion
The study was able to effectively delineate the 92 sugarcane varieties of sub-tropical India. The pedigree was found to be the most effective factor in grouping of the sugarcane varieties. Under the Protection of Plant Varieties and Farmer's Rights Act-2001, and Indian Seed Bill-2004 , the DUS test of sugarcane varieties has been made mandatory so as to establish the identity of a variety for granting plant breeders' and farmers' rights. Sugarcane morphological descriptors may not alone be sufficient to resolve the identity unambiguously in case of closely related varieties and essentially derived varieties which differ for only two or three descriptors. This study suggests the inclusion of SSR markers in profiling of varieties as an additional tool for morphological descriptors since the complete replacement of conventional phenotypic evaluation of varieties by molecular data is not possible due to poor correlation between the SSR-based similarity and average taxonomic distance based on morphological descriptors.
